Background: Low-dose persistent organic pollutants (POPs), especially organochlorine pesticides (OCPs), have emerged as a new risk factor of many chronic diseases. As serum concentrations of POPs in humans are mainly determined by both their release from adipose tissue to circulation and their elimination from circulation, management of these internal pathways may be important in controlling the serum concentrations of POPs. As habitual physical activity can increase the elimination of POPs from circulation, we evaluated whether chronic physical activity is related to low serum POP concentrations.
INTRODUCTION
Serum concentration of persistent organic pollutants (POPs) has recently emerged as a risk factor for common chronic diseases, such as diabetes, dyslipidemia, cancer, and dementia [1] [2] [3] [4] [5] . POPs include various strong lipophilic organic compounds that are resistant to biodegradation and highly persistent in the environment. Typical examples of POPs are organochlorine pesticides (OCPs) and polychlorinated biphenyls (PCBs). Although most OCPs and PCBs were banned several decades ago, current general populations are still exposed to these persistent chemicals because they have widely contaminated the food chain, especially fatty animal products such as meat, dairy, and fish [1] .
In general, serum concentrations of environmental chemicals reflect recent exposure levels to these chemicals from the environment. However, POPs are different. When POPs enter the body from external exposure sources, they are primarily stored in adipose tissue and then slowly released into circulation through lipolysis [6] . Therefore, serum concentrations of POPs are mainly determined by the rate of release from adipose tissue and the rate of elimination from circulation.
Consequently, mechanisms to mitigate these internal pathways may play a key role in decreasing serum concentrations of POPs [7] . Serum concentrations of POPs can be elevated in persons with increased lipolysis of adipocytes [8] or decreased bile secretion because bile is the main route for the elimination of these chemicals [9, 10] .
Habitual physical activity can assist in decreasing serum concentrations of POPs through various mechanisms. First, physical activity can decrease the release of POPs from adipose tissue to the circulatory system by increasing insulin sensitivity [11, 12] . Second, physical activity can increase the metabolism and elimination of chemical mixtures by increasing biotransformation through liver enzyme activity [13] . Third, physical activity increases the excretion of endogenous and exogenous chemicals from the circulatory system by increasing biliary clearance, as demonstrated in an animal experimental study [14] . Fourth, POPs can be eliminated through sweat during physical activity [15, 16] .
To our knowledge, only one human study on this topic has been published. This small-scale crosssectional study showed lower serum concentrations of POPs among endurance athletes compared to obese persons [17] . However, the association between habitual physical activity and serum concentrations of POPs has never been investigated among the general population.
A randomized controlled trial is generally considered the most appropriate study design to evaluate any beneficial effect of physical activity. However, a cross-sectional study has the merit of evaluating the long-term effect of physical activity on serum concentrations of POPs because serum concentrations of POPs are continuously affected by the dynamic equilibrium with their concentrations in adipose tissue. Therefore, the effects of physical activity on POPs would be difficult to discern in a short-term randomized trial. Furthermore, weight loss that accompanies physical activity during clinical trials can distort results because adipocyte lipolysis during weight loss leads to a temporary increase in serum POP concentrations [18, 19] . Even a prospective study with repeated measurement of POPs makes it difficult to test the effect of physical activity on POPs, because contemporary humans frequently experience weight cycling which directly affects serum concentrations of POPs [5] . Therefore, this cross-sectional study was performed to investigate whether habitual physical activity was related to serum concentrations of OCPs or PCBs in the U.S. general population. As physical activity is commonly recommended in patients with metabolic disturbances such as type 2 diabetes, dyslipidemia, or hypertension and these diseases are reported to be associated with increased serum concentrations of POPs [1, 2, 5] , we excluded patients with cardio-metabolic diseases and focused on healthy persons.
METHODS

Study participants
We used the data from the National Health and Nutrition Examination Survey Concentrations of OCPs and PCBs in serum were measured in one-third of the participants aged ≥12 years who met the subsample requirements of the 1999-2004 NHANES. Participants in the subsample were randomly pre-assigned into subgroups which were selected to be representative of the survey [20] . The number of participants with serum OCP measurements was 7,158 and with serum PCB measurements was 7,106. Among them, we included study participants aged at least 20 years who had information on the serum concentrations of either OCPs or PCBs. We excluded patients who had physician-diagnosed hypertension, diabetes, dyslipidemia, coronary heart disease, stroke, or cancer. The final sample size was 1,850 for analyses of OCPs and 1,702 for analyses of PCBs. About two-thirds of the analysis sample had measurements for both OCPs and PCBs.
Data collection and measurements
Information on demographic and socioeconomic characteristics, dietary habits, health behaviors, and health status was collected by interview. Venous blood samples were collected and frozen at -20℃. Individual congeners of OCPs were measured by high-resolution gas chromatography/highresolution mass spectrometry using isotope dilution. The instruments used were as follows: Thermo Finnigan MAT95 XP Mass Spectrometer (5 kV) with X-caliber data systems (Thermo Finnigan, San Jose, California), Agilent Technologies 6890 Gas Chromatograph (Agilent Technologies, Palo Alto, California), and GC-Pal autosampler (Leap Technologies, Carrboro, North Carolina) [21] .
Total serum cholesterol and triglyceride levels were measured enzymatically (Hitachi 704 analyzer;
Roche Diagnostics, Indianapolis).
Leisure-time physical activity was calculated using the formula provided in the NHANES physical activity and cardiovascular fitness data tutorial. The data tutorial and details on SAS syntax are available on the Internet [22] . The study participants were asked whether they had performed moderate and/or vigorous leisure-time activities at intervals of 10 minutes or more over the last 30 days. Moderate activities cause light sweating or a slight-to-moderate increase in breathing or heart rates (for example, brisk walking, cycling for pleasure, golf, or dancing). Vigorous activities cause heavy sweating or large increases in breathing or heart rates (for example, running, lap swimming, aerobics classes, or fast cycling). The study participants reported multiple physical activities, which have predetermined metabolic equivalent of task (MET) scores according to the level of activity (moderate or vigorous). The daily duration of leisure-time physical activity (minutes per day) was calculated by summing the frequency and duration for each physical activity. Daily MET-minutes of leisure-time physical activity (MET-minutes per day) were calculated by summing the products of frequency, duration, and predetermined MET score for each physical activity.
We selected six OCPs (β-hexachlorocyclohexane, p,p′-DDE, p,p′-DDT, oxychlordane, transnonachlor, and heptachlor epoxide) and 12 PCBs (PCB74, PCB99, PCB118, PCB138, PCB146, PCB153, PCB156, PCB170, PCB180, PCB187, 3,3',4,4',5-Pentachlorobiphenyl, and 3,3',4,4',5,5'-Hexachlorobiphenyl) that are frequently detected among the general population. The lipidstandardized concentration was calculated by dividing the wet weight concentrations by total lipids [total lipids (mg/dL) = 2.27  total cholesterol + triglycerides + 62.3)] [23] . We reported the results for both lipid-adjusted concentrations and wet-weight concentrations.
Statistical analysis
The duration of moderate or vigorous physical activity was categorized as 0, 1 to <10, 10 to <30, 30 to <60, and ≥60 min/day. MET-minutes were categorized as <10, 10 to <50, 50 to <100, 100 to <200, 200 to <500, and ≥500 MET-minutes/day, after consideration of the sample sizes in each category. The main dependent variables were the summary measures of OCPs (∑OCPs) or PCBs (∑PCBs), calculated by summing the absolute concentration of the individual OCP or PCB compounds. Crude and adjusted geometric means of ∑OCPs or ∑PCBs stratified by the level of physical activity were estimated using generalized linear models. For OCPs, we also presented the results for individual OCP compounds. In addition, analyses stratified by age (<40, 40-59, and ≥60), sex (men and women), body mass index (BMI, <30 and ≥30 kg/m 2 ), and smoking status (noncurrent smokers and current smokers) were conducted to evaluate the associations of ∑OCPs or ∑PCBs with physical activity in the various subgroups.
Demographic-, obesity-, and diet-related variables were considered as covariates because the serum concentrations of OCPs or PCBs could be affected by these variables [1] . Specifically, we adjusted for age, sex, race-ethnicity (non-Hispanic White and others, including multi-racial), smoking status (non-current smokers and current smokers), BMI (kg/m 2 ), weight change over the past year (current body weight minus body weight 1 year ago, kg), total polyunsaturated fatty acid intake (g), total monounsaturated fatty acid intake (g), total saturated fatty acid intake (g), and total energy intake (kcal).
Missing covariates values for individual participants were substituted by the median values of the specified variables. The numbers of participants with missing data for each parameter were n=70 for weight change and n=132 for each fatty acid intake variable among those with information on OCPs and n=63 for weight change and n=136 for each fatty acid intake variable among those with information on PCBs. Although the exclusion of participants with missing data for covariates did not significantly impact the results, we included these participants to ensure sufficient sample sizes in the stratified analyses.
Estimates of the main results were calculated, accounting for the NHANES stratification and clustering [24] ; they were adjusted for age, sex, and race-ethnicity instead of using sample weights; this adjustment has been regarded as a good compromise between efficiency and bias [25] . All statistical analyses were performed using SAS 9.4 software (SAS Institute, Cary, NC, USA) in 2018. Table 1 shows the general characteristics of the study participants; the mean age was 39 years and 47% were male. Physically active participants tended to be younger, men, of white race, non-obese, non-current smokers, and with higher total energy and fatty acid intakes; however, these trends in the dietary variables were not linear. Adjustment for possible confounders did not materially change the unadjusted results, which are presented in Figure 1 ( Table 2 ). Adjusted serum concentrations of the summary measures for OCPs were 426.9, 374.2, 323.3, 334.3, and 334.3 ng/g of lipids according to the 5 categories of duration of leisure time physical activity (Ptrend <0.001; Pquadratic= 0.009). In the adjusted models, as the generally negative slope seemed to be more important than non-linearity, we focused on Ptrend.
RESULTS
General characteristics of the study participants
Physical activity and serum concentrations of OCPs/PCBs
When six individual OCPs were separately analyzed, the serum concentrations of β-hexachlorocyclohexane, p,p'-DDE, p,p'-DDT, and heptachlor epoxide were found to be significantly lower with increasing duration of physical activity (Ptrend <0.001, <0.001, <0.001, and 0.016, respectively); however, oxychlordane showed a significant U-shaped association with physical activity (Pquadratic =0.045).
Wet weight concentrations of POPs had a similar association with the duration of leisure-time physical activity (Supplemental Table 1 ). Results based on the MET-minutes of leisure-time physical activity were similar to those for the duration of leisure-time physical activity (Supplemental Tables 2 and 3 ). Unlike OCPs, the adjusted serum concentrations of PCBs showed an increasing trend with the duration of leisure-time physical activity. The results after excluding subjects with missing values were similar to those obtained by replacing the missing values with the median ( Supplemental Tables 4 and 5 ). Figure 2 shows the analyses for the relationship between the duration of leisure-time physical activity and OCP concentrations stratified by age, sex, BMI, and smoking status. When stratified by age, all three groups showed inverse associations, even though the associations were stronger among persons aged less than 60 years than among those aged ≥60 years (Ptrend<0.001 and 0.005 for participants aged less than 40 years and those aged 40-59 years; Ptrend=0.025 for participants aged 60 years or older; Figure 2A ). Men and women had similar inverse associations between the duration of leisure-time physical activity and serum OCP concentrations (Ptrend=0.003 for men, Ptrend<0.001 for women; Figure 2B ). When stratified by BMI or smoking status ( Figure 2C and 2D), the inverse associations were clearly observed among participants with BMI <30 kg/m 2 (Ptrend<0.001) and non-current smokers (Ptrend<0.001), whereas this inverse association was only weakly observed among obese participants with BMI ≥30 kg/m 2 (Ptrend = 0.009) and current smokers (Ptrend=0.067).
Subgroup analysis: physical activity and serum OCP concentrations
The results of subgroup analyses on serum concentrations of PCBs differed from those of subgroup analyses on serum concentrations of OCPs (Supplemental Figure 1 ). The positive association between exercise and PCBs disappeared in the subgroup analysis stratified by age; however, the positive trend was maintained in both sexes and in non-obese persons.
DISCUSSION
In this study, we show that serum OCP concentrations in physically active persons are considerably lower than those in physically inactive persons among the healthy U.S. population without any cardio-metabolic disease. Exclusion of patients with cardio-metabolic diseases was very important for the current study purpose because physical activity is commonly recommended to patients with cardio-metabolic conditions and because higher serum concentrations of POPs are linked to such diseases [1, 2] . Mechanistically, the release of POPs from adipocytes through uncontrolled lipolysis, which is common in patients with cardio-metabolic diseases [8] , can distort the relationship between physical activity and serum concentrations of POPs. On the other hand, PCBs did not show an inverse association with physical activity. In fact, lipid adjusted PCBs showed a positive association with physical activity even after adjustment for potential confounders. However, the positive association disappeared in the stratified analysis by age, suggesting the possibility of residual confounders related to age. Considering that all OCPs and PCBs are strongly lipophilic chemicals, the different patterns between them seemed strange.
However, a previous small-scale cross-sectional study also reported similar findings [17] . When the plasma concentrations of POPs for eight endurance athletes who practiced sports intensively for 30 years on average were compared with those of lean sedentary and obese persons, the athletes had the lowest plasma concentrations of POPs, in particular OCPs. In fact, toxicokinetics of OCPs may be different from those of PCBs because the elimination patterns of OCPs and PCBs through sweat and urine differ during exercise [15, 16] .
Another possibility is that serum concentrations of OCPs better reflect release from adipose tissue than do serum concentrations of PCBs. This speculation is supported by different cross-sectional associations of OCPs or PCBs with obesity in epidemiological studies [26, 27] ; serum concentrations of OCPs tend to be positively associated with indices of obesity, whereas PCBs were inversely associated with them. As obesity is toxicokinetically related to increased release of lipophilic chemicals from adipose tissue through uncontrolled lipolysis [8] , is important to note that more adiposity may actually be helpful in decreasing serum OCP concentrations by safely sequestering them into adipocytes as long as the adipose tissue is healthy [8] . This study has several limitations. First, as a cross-sectional study, this study was not able to establish temporality. However, the possibility of reverse causality was unlikely because it is difficult to believe that serum OCP concentrations, which were unknown to participants, would affect physical activity among healthy persons without any cardio-metabolic diseases. Additionally, similar associations among most subgroups stratified by age, sex, and BMI suggest that the current findings may be valid. In fact, a cross-sectional design has advantages in evaluation of the effects of In conclusion, the current study suggests that moderate to vigorous habitual physical activity can be helpful in decreasing serum OCP concentrations. Notably, serum concentrations of these chemicals need to be considered as a general marker of chemical mixtures that are released from adipose tissue into the circulatory system; they include OCPs and other lipophilic chemicals coexisting with OCPs. Avoidance of exposure to low dose lipophilic chemical mixtures such as OCPs is impossible because of the wide contamination of foods and human adipose tissues [7] . Accordingly, physical activity should be evaluated as a practical method to decrease serum concentrations of lipophilic chemical mixtures by controlling their toxicokinetics in the human body.
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